e loess slope in east Gansu presents a large degree of anisotropy which should be considered both in the slope stability analysis and in the reinforcement design. To investigate the mechanical anisotropy presented in the loess soil, the undisturbed loess specimens are taken from the field with different sampling directions (α, defined as the angle between the normal direction of specimen and sedimentation direction). e direct shear tests are conducted on specimens of different α, and it is found that the anisotropy has slight influence on the friction angle (φ), while the specimen with α � 0°presents the smallest cohesion and the specimen with α � 90°has the largest cohesion. e anisotropy behaviors have also been observed from the one-dimensional consolidation test and tension test. After that, the principle of point safety factor and the degree of reinforcement demand are introduced, and the method of quantitative reinforcement of anisotropic loess slope is proposed. e proposed approach is then implemented in the Fast Lagrangian Analysis of Continua in 3D (FLAC 3D ), and the point safety factor and the degree of reinforcement demand are investigated on slope with different slope ratios. It is found that the proposed approach could effectively be used to analyze the slope involving anisotropy through the comparison with the conventional limit equilibrium method. Meanwhile, the reinforcement zone and the reinforcement demanding of anisotropy slope are obtained, and relevant reinforcement design in practice is proposed.
Introduction
e loess soil is widely distributed in Gansu, Shaanxi, and western part of Henan in China [1] , and the landslide of loess slope along the highway has frequently happened for the reason of rainfall and excavation. e stability analysis and reinforcement are therefore compulsory for the loess slope. e traditional methods used in the slope stability analysis include the limit equilibrium method [2] [3] [4] [5] [6] , the strength reduction method [7, 8] , and the reliability-based method [9, 10] . Moreover, Verma et al. [11] built a coupled finite element method (FEM) and artificial neural network (ANN) model to predict the factor of safety of the slope. Gao et al. [12] developed the stability chart to analyze the 3D failure of the homogeneous slope. However, most of the approaches can only reflect the overall stability, and the safety status of each point of the slope cannot be analyzed.
Alternatively, the concept of point safety factor (PSF) proposed by Hoek and Bray [13] could capture the status of each point in the slope. e PSF is defined as the ratio of the largest shear strength on the potential slip plane to its effective shear stress for one point. erefore, the PSF can be used to evaluate the stability of each element compared with the factor of safety. Meanwhile, the PSF yields additional insight into the geometry and location of the potential failure surface and how instability may initiate and evolve. Relevant studies include Jiang [14] , who derived the PSF function characterized by Hoek-Brown parameters, and Lu et al. [15] , who investigated the rainfall-induced slope instability using a field of local factor of safety. For most of the slope stability analysis, the soil in the slope is represented as an isotropic homogeneous material. However, the soil parameters sometimes show considerable spatial variability [16] and anisotropy [17, 18] . e loess slope located in east Gansu presented a large degree of anisotropy, and it is necessary to take the anisotropy effect into the slope stability analysis.
Associating with the overall analysis and local analysis, the reinforcement techniques used are varying a lot. In the overall slope stability analysis, the reinforcement design is normally based on the potential failure plane, which is not economical in most circumstances. For example, Zhang et al. [19] proposed an analysis procedure for turning corner in geosynthetic-reinforced soil structures, so as to calculate the strength and length of steel bars required for internal stability. On the other hand, the reinforcement design based on the local factor safety is more rational, which could be used to analyze the initiation of the landslide. To this end, the degree of reinforcement demand (DRD) proposed by Yang et al. [20] is used for the quantitative reinforcement analysis, in which the DRD quantitative index is used to assess the degree of reinforcement demand for slope projects. However, the application of DRD can only be found in the rock slope engineering, and a relevant study related to loess slope is rarely reported.
In this paper, the concept of point safety factor and degree of reinforcement demand considering anisotropy are introduced firstly. After that, the anisotropy behavior of loess soil in east Gansu is studied through direct shear test, tension test, and one-dimensional consolidation test, and the parameters used for the stability analysis are obtained. After that, the concept of PSF and DRD are compiled by FISH in FLAC 3D to design the slope reinforcement scheme with different types of slope. e rationality and economy of the quantitative reinforcement design method are proved with relevant conclusion provided at the end of this paper.
Methodology

Concept of DRD.
e DRD is proposed based on the method of point safety factor, in which the slope is stable if every point on the slip plane is safe, with the expression of
However, the loess soil presents a behavior of anisotropy. To consider the anisotropy into the point safety factor, the shear strength parameter should be chosen according to the direction of failure plane, and the point safety factor is revised as follows:
where σ If the soil element is subjected to tensile failure, the point safety factor is expressed as follows:
en, the point safety factor is summarized as
based on the calculation result for a certain range of normal directions, e.g., 0°∼ 180°with an interval of 10°.
As illustrated in Figure 1 , if the angle between a section (normal vector is N → ) and the maximum principal stress plane is c, the point safety factor of the section is expressed as follows:
where
is the shear stress, σ 1 is the major principal stress, σ
is the minor principal stress, and σ 3 is the required minor principal stress at failure state.
Following this, the degree of reinforcement demand is defined as follows:
If the soil is subjected to tension stress, the degree of reinforcement demand is obtained as
en, the degree of reinforcement demand is obtained as Δσ 3 � max[max(Δσ 3 N →), Δσ 3t ] considering both tensile failure and shear failure.
Anisotropy in FLAC
3D
.
e FLAC 3D (Fast Lagrangian Analysis of Continua in 3 dimensions) based on the explicit finite difference method is commercial software developed by ITASCA [21] . Due to its simple operation and accurate algorithm, it is widely used in the simulation of mechanical properties of geomaterials. Meanwhile, the built-in FISH could extend the FLAC 3D to a wide range of application [22] . e FLAC 3D is adopted in this study to investigate the point factor safety and degree of reinforcement demanding of loess slope with anisotropy. In this study, the composite failure criteria that consist of traditional Mohr-Coulomb shear yield criterion and the tensile yield criterion are used, which are expressed as follows:
In anisotropic materials, the friction angle and cohesion are directional dependents. In order to realize the anisotropy in FLAC 3D , the strength parameter cohesive force c and the friction angle φ should be chosen differently at different directions according to experimental results. For tensile yielding, only the minimum principal stress acting surface is considered to yield, and the corresponding tensile yielding function is
where σ t3 is the tensile strength on the active surface of the minimum principal stress. Under anisotropic conditions, the condition that the soil enters yielding is that there is the section N → 0 such that a certain yield function is less than 0, which are expressed as
where |N → | � 1 represents all spatial unit vectors. To this end, the realization of the anisotropy in FLAC 3D is demonstrated in Figure 2 .
To include the anisotropic property in the point safety factor and degree of reinforcement demand, the strength parameters have to be obtained from the laboratory experiments, which is presented in the next part.
Experimental Study of Anisotropic
Behavior of Loess Soil e material used in this study is the loess soil taken from Gansu in China, as shown in Figure 3 .
e particle size distribution of loess soil in this area is shown in Figure 4 , and the wet density and water content are 1.65 g/cm 3 and 11.6%, respectively. e anisotropic property of loess soil can be reflected both in strength and deformation. Accordingly, the direct shear test, tensile test, and compression test are conducted which are presented as follows.
Direct Shear Test.
To investigate the influence of anisotropy on the shear strength of soil, the cylinder specimens are taken from the undisturbed loess brick along different directions.
e specimen has a diameter of 6.18 cm and height of 2 cm, and the direction is defined as the angle α between the normal direction of specimen and sedimentation direction (vertical), as demonstrated in Figure 5. e direct shear test is conducted at different normal stresses ranging from 50 kPa to 200 kPa. To obtain reliable results, for each of the test condition, three tests are conducted, with selected results presented in Figure 6 .
e test results are summarized in Figure 7 , and it is found that the friction angles roughly remain the same for specimens of different anisotropy angles. However, cohesion varies a lot for specimens taken from different directions.
e specimen with directional angle of 0 exhibits the smallest cohesion, while the largest cohesion presented in the specimen with taking from the direction of 90°. It is concluded that anisotropy of the loess in research area is remarkable, which should be involved in the strength parameter selection during the slope stability analysis.
One-Dimensional Consolidation Test.
One-dimensional consolidation tests are conducted for the specimens taken from directions 0°and 90°under normal stresses from 50 kPa to 400 kPa. e compression curves are presented in Figure 8 , and the compression coefficients a 1−2V are calculated as 0.16 MPa −1 and 0.24 MPa −1 for the specimen of angles 0 and 90, respectively, and the corresponding compression modulus is obtained as 11.09 MPa and 7.37 MPa. It can be seen that the soil sample belongs to medium compressive soil, and the compressibility of loess soil shows significant anisotropy.
Tensile Test.
According to the definition, the point safety factor of soil element subjected to tensile (equation (3)) and the criterion that related to tensile failure (equation (7)), the tensile strength is significant to the slope stability when the slope is subjected to the failure type of overturning. In this circumstance, the crack will initiate from the slope crest, and Advances in Civil Engineeringthe tensile strength will have significant influence on the stability of slope. erefore, the experimental investigation on the tensile strength is compulsory, which is obtained through direct tensile test.
e specimen is cut from the undisturbed soil brick, which has a dimension of 4 cm × 4 cm × 8 cm and with different bedding directions, as presented in Figure 9 . To ensure the accuracy of the test, the specimen is cut in the way that the cross section gradually decreases the specimen from the end part to the middle part. During the test, the specimen is fixed at one end, and the tensile force is applied evenly at the other end until tensile failure ( Figure 9 ). e tests are repeated for three times, and the average value is issued as tensile strength. e results of direct tensile test are shown in Table 1 . It is found that tensile strength of the specimen from angle 0 is higher than that of the specimen from angle 90.
Based on the results from three tests, it is concluded that the loess soil from east Gansu present a large degree of anisotropy, and the parameters obtained will be then used for the stability analysis involving anisotropy.
Numerical Study of Quantitative
Reinforcement Design on the Loess Slope
Numerical Verification of FLAC
3D
. In order to verify the accuracy of FLAC 3D , the numerical simulation of onedimensional consolidation on the saturated soil layer is conducted. As shown in Figure 10(a) , the depth of the soil layer is 10 m and the load of 10 kPa is applied on the surface. Meanwhile, the drained and undrained condition is set at the top and bottom of the loess layer, respectively. Based on the 6 Advances in Civil Engineering one-dimensional consolidation theory, the theoretical solution of the proposed problem can be expressed as follows:
where p 0 is the initial pore pressure, α is the Biot coefficient, p z is the external load, and S is the storage coefficient expressed by
where M is the Biot modulus, α 1 is the coefficient expressed as α 1 � K + (4/3)G, G is the shear modulus, and K is the bulk modulus given by K � E/3(1 − 2μ). Accordingly, the degree of consolidation U is solved as follows:
where a m � π/2(2m + 1), z � H − z/H, t � ct/H 2 , and
e parameters used in the numerical simulation of onedimensional consolidation problem are listed in Table 2 , and the corresponding theoretical solution and numerical result are obtained, as demonstrated in Figure 10 .
e good agreement between the numerical simulation and analytical solution indicates that the FLAC 3D could be effectively used to solve the problem related to the geomechanics.
Quantitative Reinforcement Design Method. Based on the numerical validation of FLAC
3D and the concept provided, the numerical simulation based on FLAC 3D is conducted for the loess slope with anisotropy. e slope angle is 75°and height is 12 m with boundary conditions as follows: the bottom of the model is fixed, the horizontal displacement is constrained on both sides, and the model is subjected to the gravity of 9.81 m/s 2 . Assume that the safety factor required for slope reinforcement is 1.3. e mechanical parameters of the slope obtained from the laboratory test are shown in Table 3 .
e point safety factor and the corresponding degree of reinforcement demand are obtained from FLAC 3D which is presented in Figure 11 . In this article, define Δσ 3 's azimuth as being θ for the convenience of design, as shown in Figure 11 (c).
According to the distribution of the PSF, the size of the reinforcement area, the length L of the prestressed anchor cable, and its arrangement on the slope surface can be determined. For example, according to the safety factor K d � 1.3 required by the standard, the reinforcement range required for the prestressed anchor cable can be determined, as shown by the dashed line in Figures 11(a) and 11(b) . Using the direction angle of Δσ 3 , the arrangement direction β of the prestressed anchor cable can be determined. Finally, the arrangement of the prestressed anchor cable is obtained.
Meanwhile, stress increment (Δσ 3 ) required for each unit is calculated in FLAC 3D for each element based on equation (5) .
en, the anchoring force P of the single anchor can be obtained as follows:
where A is the area covered by each bundle of prestressed anchor cables.
Comparison and Verification.
In order to evaluate the quantitative reinforcement method, the quantitative reinforcement analysis method is applied to three different conditions, as listed in Table 4 , which is compared with the design scheme based on the simplified Bishop method. Additional load is 2 m beyond the top of the slope, and factor (FS) is obtained by the strength reduction method. Based on the fields of stresses and strength parameters of the slope, the fields of DRD and the azimuth angle θ of the Δσ 3 (shown in Figures 12(a) and 12(b) ) are computed to determine the understable area of the slope, as shown by the dotted line in Figure 12(c) .
e arrangement range and reinforcement depth L are determined. According to the azimuthal of Δσ 3 , the azimuth angle of the prestressed anchor cable could be obtained. en, anchorage force P of the prestressed anchor cable is calculated from the largest Advances in Civil EngineeringDRD in the reinforcement range according to equation (12) . Finally, the reinforcement scheme R1 designed by the quantitative reinforcement method is obtained. Meanwhile, the potential failure surface of the slope identified by Bishop's simplified method is presented in Figure 12 (d) (dotted line). And the anchoring force is determined from the residual sliding force, and the reinforcement scheme R2 designed by Bishop's simplified method is also obtained. According to the technical requirement, the nominal diameters of prestressed anchor cables are set as 25 mm, the tensile strength is 310 MPa, and the elasticity modulus and Poisson ratio are set as 200 GPa and 0.2, respectively. e reinforcement scheme of the prestressed anchor cable is indicated in Figure 12 . e results show that, compared with the traditional design method, the DRDbased design method is economical and effective. To convince this, the numerical simulations are also conducted on slope with different slope ratios. 
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Based on the simulation result from Figures 13 and 14 , it is concluded that the method approach proposed is more reasonable compared with the design scheme from the traditional method, which is also consistent with the work done by Lu et al. [15] . Consider the progressive failure mode of the slope, the stress is concentrated on the slope foot and gradually forms a through-sliding surface, which eventually leads to the slope failure [23] [24] [25] . For the slope reinforcement design, prestress can be applied for the part of the slope, and the safety margin can be increased to avoid the formation of the through-sliding surface and the tensile crack at the top to reduce the probability of the slope being damaged. e quantitative reinforcement method shows a great advantage, and the safety factor and reinforcement demand of each part can be analyzed. 
Conclusions
e quantitative reinforcement analysis is proposed in this paper to include the anisotropy. And the anisotropic behavior of loess soil in east Gansu is experimentally investigated through direct shear test, one-dimensional consolidation test, and tensile test.
e quantitative reinforcement of loess slope exhibiting anisotropy is investigated through FLAC
3D
, and the main conclusions can be drawn as follows:
(1) Based on the experimental result of direct shear test, it is found that the sedimentation direction has slight influence on the friction angle, and the value of cohesion depends highly on the shear direction. A difference of 47% is found for the cohesion obtained from the specimen with α � 90°and α � 0°. (2) e anisotropic behavior is also observed from onedimensional consolidation test, and it is found that the compression modulus is obtained as 11.09 MPa and 7.37 MPa for the specimen of angles 0 and 90. Compression modulus of the specimen with α � 0°is 50.5% higher than that from α � 90°. Meanwhile, the anisotropy is also observed from the tensile test, and a slight difference is obtained. (3) e concept of point safety factor is adopted to involve the anisotropic property, and the degree of reinforcement demanding is proposed in this study. Zones that require for the reinforcement and the force that require stabilizing the slope can be readily obtained. It can be found that the unstable region of the slope is mainly distributed in the middle and lower part of the slope. On this basis, the method and steps of quantitative reinforcement are put forward. (4) It is concluded that the slope reinforcement design from quantitative reinforcement is more economic and efficient compared with design scheme obtained from the traditional limit equilibrium method based on the analysis of different types of slopes.
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